The risk of bovine spongiform encephalopathy propagation was drastically reduced after the European Union (EU) Health Authorities adopted restrictions involving a ban on animal-derived proteins in the diet of farm animals. Currently, the EU's of cially recommended method for controlling meat and bone meal (MBM) in animal feed is the microscopic method, which involves the identi cation of bone fragments on the basis of their morphological characteristics. Recently, we demonstrated that a polymerase chain reaction (PCR)-based assay can be used for the detection of taxon-speci c DNA in MBM and animal feeds. To ensure the safe rendering of animal by-products, the EU Council requires that this material be treated at 1338C at 300 kPa for 20 min. Here we investigate the relationship between DNA degradation, PCR ampli cation, and MBM heat treatment. With a competitive PCR-based approach, we compare the ampli cation ef ciency of bovine mitochondrial DNA target sequences of different lengths in several heat-treated MBM samples. For our method, a synthetic competitive DNA is used as an internal control for both DNA extraction and PCR reaction. A correlation between an increase in treatment temperature and a reduction in the size of the target sequences suitable for ampli cation was observed, suggesting progressive DNA fragmentation due to the temperature. We show that short amplicons (147 bp) can be used to detect the presence of bovine mtDNA in MBM samples treated according to the current European regulations. The use of such a competitive approach to compare ampli cation ef ciency levels of targets of different lengths might represent a useful tool for the determination of both the amount of MBM in animal feeds and its proper heat treatment.
There is evidence that bovine spongiform encephalopathy (BSE) was spread around the world through animal feed containing infected meat and bone meal (MBM) (3, 4) . The effective preventive measures taken by the United Kingdom with the introduction of the so-called ''real feed ban'' in 1996 (a ban on animal proteins in farm animal feeds) have led to a rapid reduction in the appearance of new cases in that country (5) . Based on such epidemiological evidence, national and international authorities (Of ce International des Epizooties, the World Health Organization, Codex Alimentarius, and the European Commission) have progressively implemented speci c legislation and guidelines regarding the appropriate heat treatment of MBMs (10) , the ban of MBMs from ruminant feeds (6) , and the removal of speci ed risk materials from slaughtered ruminants (8) . Currently, there is a temporary ban on animal meal in feed for all animals intended for human consumption within the European Union (EU), allowing mem-ber states to improve the practical implementation of the European legislation to prevent the spread of BSE (9) .
Nevertheless, there is currently no reliable, sensitive, and speci c method to detect the presence of the BSE causative agent in feeds. Therefore, only indirect approaches testing for the presence of animal constituents in ruminant feeds have been proposed and applied (1, 16, 17, (19) (20) (21) (22) 28) . Currently, the method of cially recommended by the EU for the control of MBM in animal feeds is the microscopic method, which involves the identi cation of an animal species through analysis of the tissue constituents (mainly bone fragments) on the basis of their morphological characteristics (7) .
Recently, we demonstrated that a polymerase chain reaction (PCR)-based assay allows the detection of taxonspeci c DNA in MBM and animal feeds (28) . In the present study we investigated the relationship between DNA degradation and MBM heat treatment. We compared the ampli cation ef ciency levels of bovine mitochondrial DNA (mtDNA) sequences of different lengths by using DNA extracts obtained from differentially heat treated MBM samples. A competitive PCR-based approach was applied for a semiquantitative evaluation of target mtDNA (12, 24, 31) .
Such an approach consists of the coextraction of a known amount of an appropriately selected synthetic template together with the total DNA present in the MBM, followed by its coampli cation together with the target sequence of interest using a single primer pair. Because of primer annealing competition and homologous ampli cation kinetics, the ratio between the synthetic and the target molecules remains constant during the reaction, and the nal abundance of both synthetic and target products is dependent solely on the initial ratio between target and competitive molecules. Titration with a dilution series of the competitive template allows the determination of the equivalent point at which the competitive DNA and the target template concentrations are equal, consequently revealing the relative quantity of target DNA in a given amount of MBM (26, 30) .
The purpose of the present study was to highlight the correlation between heat treatment and a reduction in the size of the template suitable for ampli cation, which indicates a progressive DNA fragmentation due to increasing temperatures. The nal aim of the present work was to determine whether PCRs designed through the adoption of short amplicons as target sequences could allow the detection of bovine mtDNA in MBM samples treated according to the European regulations (1338C, 300 kPa, 20 min) and whether such a competitive PCR approach is a useful tool with which to determine the proper heat treatment of MBM and to estimate its amount in feeds.
MATERIALS AND METHODS
Test materials. Five differently prepared MBM samples (MBM-I through MBM-V) were used in the present study. With the exception of MBM-IV, which was prepared with 100% bovine material, all of the MBM samples used in this study comprised a mixture of 50% of swine and 50% bovine materials. A batch type system was used to produce MBM-I and MBM-II in the same commercial rendering plant (14, 15) . The production plant equipment included two cylinder-shapedsterilizers equipped with a stirrer. For the sterilization process, the stirrer and the longitudinal walls were heated with steam. Temperature and pressure sensors were installed on the walls of the large-scale autoclave that were not heated, thus ensuring that the temperature was measured at the coolest point in the vessel. The process comprised the following steps. The particle sizes of the animal by-products were reduced with a prebreaker, and this material was sterilized in the autoclave under wet conditions. Subsequently, the processed material was dried in a disk dryer and the hot material was pressed to remove the fat. Finally, the material was ground in a hammer mill. MBM-I was processed in compliance with European legislation (10) . According to the technical annex of this legislation, the sterilization temperature, pressure, and time must be at least 1338C, 300 kPa, and 20 min, respectively. In addition, the maximum particle size of the processed animal by-products was set at 50 mm, and the pressure was produced by saturated steam to ensure that the sterilization took place in wet conditions. MBM-II was prepared under the same conditions as MBM-I except for the temperature and pressure, which were decreased to 130 6 18C and 270 kPa, respectively. Therefore, MBM-II did not comply with the European standard. Both materials were processed from whole carcasses and included waste from slaughterhouses (2).
MBM-III and MBM-V, which were also produced in a commercial processing plant, included animal by-products made up of bones and meals, but carcasses were not used. Unlike MBM-I and MBM-II, MBM-III and MBM-V were heat treated under dry conditions without overpressure. The process consisted of the following steps. Initially, the crushed raw material was heated to 80 6 18C to remove the lique ed fat. Subsequently, the degreased wet material was dried in a disk dryer and ground. MBM-III was further treated for dry sterilization with the temperature increasing from 90 to 1408C for 105 min (the temperature was .1338C for 20 min) without overpressure. The process for MBM-III and MBM-V did not satisfy the European rendering standard because no overpressure was applied.
MBM-IV was prepared with 5 kg of boneless 100% bovine meat (maximum particle size 50 mm) and treated at 200 kPa at 1228C for 20 min in a 20-liter experimental autoclave with an internal stirrer and electric heaters. Conditions were controlled by internal temperature and pressure sensors (with a precision of 618C). No water was added during the process.
DNA extraction and gel electrophoresis analysis. DNA was extracted according to BACC-3 Amersham (Uppsala, Sweden) protocols involving the addition of 0.5 ml of lysing buffer to 50 mg of MBM samples, and the suspension was mixed without vortexing in order to avoid further DNA damage. The total DNA extracted after precipitation was resuspended in 100 ml Tris-EDTA buffer, and 5 ml of this volume was used as a template for all of the PCR ampli cations reported. For competitive PCR assays, DNA was extracted by the same procedure with 10 ml of the appropriate dilution of competitive plasmid DNA being added to the suspension of lysing buffer and MBM.
For genomic DNA degradation analysis, 5 to 15 ml of DNA extracted from MBM samples was mixed with 3 ml of gel loading buffer (0.04% bromophenol blue, 0.04% xylene cyanol, and 5% glycerol) and loaded on 0.8% agarose gel containing ethidium bromide (0.5 mg/ml). Electrophoresis was performed at 85 V for 1 h; fragments were visualized on a long-wavelength UV transilluminator. The electrophoresis analyses of PCR products were performed under the same conditions but with 3% gel agarose.
Bovine-speci c mtDNA primer pairs and PCR settings. mtDNA was chosen as the target molecule because of its abundance in tissues compared with genomic DNA (18, 23) . We considered the sequence encompassing the ATPase8 and ATPase6 genes (Fig. 1) . This region was targeted because of its low level of intraspecies variability and its relatively high degree of variation among vertebrates, even among Artiodactyla (25, 27, 28) . The primers used were L8129 (forward; 59-GCC ATA TAC TCT CCT TGG TGA CA-39), L8159 (forward; 59-CTA GAC ACG TCA ACA TGA CTG A-39), L8249 (forward; 59-CAC AAT CCA GAA CTG ACA C-39), and H8357 (reverse; 59-GTA GGC TTG GGA ATA GTA CGA-39). The three forward primers were used together with the reverse primer to obtain three products of different lengths: 271 bp (L8129/H8357), 240 bp (L8159/H8357), and 147 bp (L8249/H8357). PCRs were carried out in 50-ml reaction volumes containing 5 ml of extracted DNA, 1 U of Pharmacia (Uppsala, Sweden) Taq polymerase, 12.5 pmol of each primer, 1.5 mM MgCl 2 , 50 mM each dNTP, and 13 buffer (Pharmacia) with the GeneAmp PCR System 9700 (Applied Biosystems, Foster City, Calif.). The cycling parameters were as follows: 948C for 2 min ( rst denaturing step); 35 cycles of 948C for 1 min, 588C for 30 s, and 728C for 30 s; and 728C for 5 min ( nal extension step). To prevent carryover contamination, pre-PCR and post-PCR procedures were carried out in separate rooms. PCR preparation procedures were carried out with dedicated equipment consisting of (lanes 2 through 7), 240-bp (lanes 8 through 13), and 147-bp (lanes 14 through 19) amplicons. a laminar ow hood with aerosol-resistant plugged pipette tips (ART, Molecular Bio-Product, San Diego, Calif.); nondisposable devices were sterilized by ultraviolet irradiation between uses. Negative and positive controls (without DNA template and with DNA template, respectively) extracted from the MBM-V sample treated at a low temperature (808C) were included in each assay. DNA size markers were phage l digested with EcoRI-HindII (Fig.  2) and a 1 Kb Plus DNA ladder (Invitrogen, Carlsbad, Calif.).
FIGURE 1. Structure of the bovine mtDNA competitor construct containing the 22-bp insertion (boxed). mtDNA includes the tRNA Lys and ATPase8 genes along with part of the COX2 gene and the ATPase6 gene. Primers L8014 (forward) and H8393 (reverse) amplify the 421-bp mtDNA fragment into which a 22-bp insertion was introduced by a three-step PCR procedure involving internal primers H8242 (reverse) and L8283 (forward). Primers indicated in
Bovine-speci c mtDNA competitive template and competitive PCR assay. A bovine mtDNA homologous competitive template encompassing the 39-terminal portions of the COX2, tRNA Lys , and ATPase8 genes and the 59-terminal portion of the ATPase6 gene was synthesized by a modi cation of the overlap extension method consisting of a three-step recombinant PCR procedure (11, 13) . The template contained an insertion of 22 bp located between primers L8249 and H8357 (position 8262). The competitive template was synthesized with primers L8014 (external forward primer; 59-ACCCATTGTCCTTGA GTTAGT-39), H8393 (external reverse primer; 59-GAGGGTTACAAA GC-GATTGCT-39), H8242 (internal reverse primer; 59-GAGAT-
C T G C C G TA C A G G C C TA G A ATAT T T T T G T T G G T G T-CAGT-39), and L8283 (internal forward primer; 59-CTAG GCCTGTACGGCAGATCTCA A A A C A A A A C A C C C C T T-
GAGA-39) by overlap extension. Internal primers L8283 and H8242 carry 39-terminal tails, which were used to introduce the 22-bp insertion stretches (underlined primer sequences) that allowed discrimination between the bovine and the competitive PCR products. The synthetic competitor was cloned in the pBlueScript KS 1 vector of Stratagene (La Jolla, Calif.) and puri ed with the plasmid Maxi-kit DNA isolation system (Qiagen, Hilden,
FIGURE 3. Gel electrophoresis of total genomic DNA extracted from the different MBM samples. Five percent of the total DNA extracted from MBM-III, MBM-IV, and MBM-V and 15% of the total DNA extracted from MBM-I and MBM-II were loaded.
Germany). To verify the absence of nucleotide misincorporation, the plasmid competitive template was sequenced on both strands with the Sequenase 2.0 DNA sequencing kit (USB, Pharmacia). The concentration of the plasmid competitive template was estimated to be 2.97 mg/ml by UV spectrophotometry, and a single serial dilution was prepared and stored at 2808C.
To obtain a rough estimate of the endogenous mtDNA content of each MBM sample, competitive ampli cations were carried out through titration against a broad range of the plasmid competitive template dilutions in log increments. Thereafter, a second titration, over narrowed dilution ranges, was performed. To obtain a precise determination of the relative mtDNA amount in an MBM sample, endogenous-competitive template mixes, obtained through DNA coextraction of a xed amount of MBM and serial dilution of the synthetic competitive template, were used for each PCR reaction. With this approach, uctuations in experimental determinations due to variation in DNA extraction efciency levels for different MBM samples were minimized (24, 26) . PCR conditions were as reported above except that 5 ml of endogenous-competitive extracted template mix was used. To quantify target and competitive ampli ed products, 20 ml of PCR reaction was loaded on a 3% agarose gel and the intensity of the ethidium bromide uorescence was determined. Image acquisition was achieved with the Gel Doc 2000 gel documentation system (Bio-Rad, Hercules, Calif.), and densitometry analysis was carried out with Quantity One software (version 4.0.1, Bio-Rad). PCR products were quanti ed by capillary electrophoresiswith the ABI prism 310 apparatus and GeneScan software (Applied Biosystems). Primers for the automated fragment analysis were 59 conjugated to 6-Fam. Semiquantitative determinations were made by plotting observed target-to-competitive-product band intensity ratios (normalized by molecular weight difference) against the amount of competitive template added to the sample before the extraction. The quantity of bovine mtDNA was estimated by determination of the abscissa value corresponding to the equivalent point (target product/competitive product ratio 5 1).
Relative bovine mtDNA amounts were estimated from a semiquantitative PCR analysis carried out on three independent DNA extractions. The statistical signi cance of differences between data distributions was determined by the two-tailed Student's t test with a signi cance level of P , 0.05.
RESULTS
mtDNA ampli cation and temperature treatment. Ampli cation of the 147-bp amplicon was observed for the BACC-3 DNA extracts from the MBM-I sample, which was treated according to the European guidelines (Fig. 2) . By contrast, no product was observed with the adoption of primer pairs amplifying the 271-and 240-bp target sequences. The 271-bp amplicon was successfully ampli ed from MBM-III (dry conditions without overpressure) and MBM-IV (1228C, 200 kPa, 20 min). The primer combination used to amplify the 240-bp fragment also allowed the identi cation of bovine mtDNA in DNA extracts obtained from MBM-II (1308C, 270 kPa, 20 min). However, all amplicons were ampli ed from MBM-V, which was used as a positive control. Results are summarized in Figure 2 .
On the basis of our results, we evaluated the DNA amounts and the degradation levels of the total DNA extracted from the different MBM samples by agarose gel electrophoresis. As shown in Figure 3 , total DNA extracted from heat-treated MBM samples exhibited very low molecular weight compared with the lightly treated MBM-V sample. Moreover, relatively smaller amounts of total DNA were extracted from MBM-III and MBM-IV samples. Signi cantly, a reduction in the quantity and size of extracted DNA was correlated with an increase in treatment temperature for the four MBM samples.
On the whole, these results indicate a correlation between DNA degradation and MBM heat treatment, and they also demonstrate the ef ciency of the 147-bp PCR-based assay in the detection of mtDNA in MBM treated according to the European standard.
Competitive PCR assay for comparison of mtDNA amounts in heat-treated MBM samples. Results from representative ampli cations are shown in Figure 4 . In all of the competitive PCR assays, a titration effect was observed whereby the competitive product decreased in intensity as the competitive template concentration diminished, whereas the bovine target product increased in intensity because of the gradual decrease in annealing competition during ampli cation. Equal competition between synthetic and target templates was reached at different competitor concentrations of the different amplicons. The graphic representation of titration indicates that the estimated concentration of the 147-bp amplicon DNA template in MBM-IV is three-and sevenfold higher than those of the 240-and 271-bp template sequences, respectively (Fig. 4A) .
To determine the effect of heat treatment on DNA degradation, we also evaluated the relative amounts of the 147-bp template sequence in MBM-I, MBM-II, and MBM-III samples (Fig. 4B) . The experiments were performed with a single serial dilution of the competitive template ranging from 10 2 4 to 10 2 6 of the starting concentration. As shown in Figure 4 , equivalence was reached for synthetic and target PCR products at different competitor template concentrations in the MBM samples, supporting an inverse correlation between heat treatment and bovine mtDNA concentration for MBM. The plot of titration experiments indicates that a dramatic decrease in the copy number of mtDNA suitable for 147-bp fragment ampli cation occurred with heat treatments at 1308C. The 147-bp amplicon template concentration in MBM-I was estimated to be 3-, 35-, and 5-fold lower than those in MBM-II, MBM-III, and MBM-IV, respectively (Fig. 4B) . It should be noted that the competitor concentrations used for the quantitative analysis of MBM-IV-made up of 100% bovine material-were half those of MBM-I, MBM-II, and MBM-III, which contained only 50% bovine material. Similar results were obtained when ABI Prism 310 capillary electrophoresis was used to measure synthetic and target PCR products. No statistical difference was observed when the two detection procedures were compared (data not shown).
DISCUSSION
Recently, we and other research groups have discussed the promising aspects of a molecular approach to the detection of taxon-speci c components in animal feeds (16) . Nevertheless, up to now the use of such an approach in eld conditions has led to some problems with regard to the reliability of the results, as indicated by an intercomparison study involving the testing of MBM in feed (1, 29) . To improve the reproducibility and sensitivity of this approach, we have introduced a faster and simpler commercially available method for DNA extraction and optimized the PCR procedure by selecting appropriate target templates. We therefore evaluated the ampli cation ef ciency levels of templates of different lengths (147, 240, and 271 bp) in MBM samples treated under different controlled conditions. We observed the ampli cation of the 147-bp template for all of the MBM samples, including the one treated according to the severe temperature speci ed in the EU standard, while the ampli cation of longer templates was observed only for MBM samples treated at lower temperatures. These results indicate that a PCR-based method designed to amplify relatively short mtDNA sequences (147 bp) can be successfully used to analyze MBM and feeds and that the comparison of the ampli cation ef ciency levels of 147-, 240-, and/or 271-bp target templates represents a useful tool for the veri cation of MBM temperature treatments.
The temperature-dependent DNA degradation was also assessed by a semiquantitative competitive PCR. With this technique, it was possible to compare the quantities of different mtDNA targets in the same MBM sample treated at 1228C and to determine the amount of 147-bp mtDNA in the four heat-treated MBM samples. In particular, quantitative determination of the ampli ability of template DNA after heat treatments demonstrated that degradation produces a reduction in DNA length, which leads to a decrease in total DNA. In agreement with these results are the ndings of other investigators with regard to the effects of heat treatments on bovine and porcine proteins reported in previous studies carried out with the same test materials used in our study (2, 29) . These studies revealed that the immunoassay responses of MBM-I and MBM-II were drastically reduced but still distinguishable, with the responses for MBM-II being somewhat higher than those for MBM-I. In contrast, the immunoassay responses for MBM-III were only slightly decreased compared with the control, indicating that the impact of dry-sterilization conditions on this material was less pronounced.
In conclusion, the present results indicate that the competitive PCR-based approach could potentially be used to test for the presence of mtDNA in MBM and feeds and to evaluate the appropriate heat treatment conditions in the legislative framework of BSE prevention. These objectives can be achieved by determining the different quantities of the three templates within a single DNA extract using the same coextracted competitive DNA and standard reference samples of animal feeds containing various MBM concentrations. Furthermore, coextraction of the competitive DNA represents a useful internal control for use in evaluating the ef ciency levels of both the extraction and the ampli cation procedures.
